photosynthesis and canopy density) to senescence and leafdrop in fall (decreasing photosynthesis and canopy density). Thus, a broad spectrum of different conditions occurs through the year, and dynamical and scalar fluxes exhibit height dependence and seasonal variability. State-of-the-art analytic or closure models describing these processes are only beginning to address these complexities (e.g., Harman and Finnigan 2008) .
Linking models and measurements. Large-eddy simulation (LES) is one of the best available numerical tools capable of linking turbulent motions over scales ranging from the microscale to the mesoscale (e.g., Wyngaard 1984) . Using a three-dimensional grid, LES solves the time-dependent filtered Navier-Stokes equations to simulate all resolved scales of motion as they evolve in space and time while using a subfilterscale (SFS) model to parameterize only the smallest scales (Pope 2000) . Another important component of LES is that active, passive, and reactive scalars can be incorporated. As numerical techniques and computational capabilities have improved over the last 30 years, LES results have become a key complement to measurements.
In canopy-resolving LES, 1 the pressure and viscous drag associated with the vegetation elements serve as an important momentum sink, which induces an inflection in the velocity profile and introduces turbulent length scales such as the canopy depth or the eddy penetration depth (e.g., Finnigan et al. 2009 ). Intriguingly, increased grid resolution improves the accuracy of the simulation by better resolving the velocity gradient at canopy top; contrast this with LES over unresolved roughness where increased resolution continually reduces the scale of the peak in the vertical velocity energy spectrum, which forces continued reliance on SFS parameterizations (Sullivan et al. 2003) .
Previous HATS campaigns. Despite its myriad contributions to understanding turbulent flows, LES does have shortcomings and needs to be validated and improved to deal with complex flows, especially for surface layers where dependence on the SFS model increases. To address this issue, the National Center for Atmospheric Research (NCAR) in collaboration with several university groups recently carried out two pioneering observational studies to improve subfilter-scale parameterizations over flat terrain with sparse low-lying vegetation [Horizontal Array Turbulence Study (HATS)] and over the ocean [Ocean HATS (OHATS)] (e.g., Sullivan et al. 2003; Horst et al. 2004) . These studies applied a technique first proposed by Tong et al. (1998) that uses horizontal arrays of 14-18 sonic anemometers/thermometers deployed at two levels to measure spatially filtered variables and their gradients. These datasets provide an observational basis for validating and developing SFS closure approximations.
Canopy influence on SFS motions. Vegetation adds complexity to SFS motions. Canopy elements are nonuniformly distributed spatially (often occurring in clumps) and thereby spread sources/sinks of momentum and scalars throughout the canopy layer. For example, large-scale turbulence interacting with clumped elements can rapidly break down into smaller wake-scale motions, thereby short-circuiting the inertial energy cascade (Finnigan 2000) . In addition, depending on the density of the canopy elements, the spatially distributed plant structures intercept (and are heated by) solar radiation during
The abstract for this article can be found in this issue, following the table of contents. DOI:10.1175 In final form 15 October 2010 ©2011 American Meteorological Society daytime and radiatively cool faster than a bare surface at night. As a result, in daytime (nighttime) the leaves can create stable (unstable) conditions within the canopy when the overlying atmosphere is unstably (stably) stratified. Given the fundamentally different mechanisms of momentum and heat transport to and from the foliage (where momentum transport occurs largely through pressure drag and heat transport occurs through the much slower process of molecular diffusion), within-canopy turbulence can also completely collapse and decouple from the above-canopy turbulence (Belcher et al. 2008) .
The majority of current SFS parameterizations used in canopy LES assume that the unresolved SFS motions fall within the inertial subrange and that all wake-scale motions immediately dissipate to heat (e.g., Shaw and Schumann 1992) . Recently, Shaw and Patton (2003) attempted to improve SFS parameterizations for canopy-resolving LES by allowing wakescale motions to transport turbulence; however, in this study, the inertial range assumptions were still required. Finnigan (2000) modified Kolmogorov's energy cascade concept to include pressure and viscous drag effects of plants, but this theory has not been thoroughly tested. At this point, the character of within-canopy small-scale motions, the role played by eddies shed in the lee of the plant elements, and how these wake-scale motions affect scalar and momentum transport are largely unknown. We speculate that spatial variations of the canopy elements modify SFS motions through canopy-induced stratification and scalar/momentum source/sink distributions.
When the Canopy Horizontal Array Turbulence Study (CHATS) experiment was originally proposed, observing SFS variables within the canopy had not been previously attempted. Recently, however, Zhu et al. (2007) reported an attempt to measure SFS momentum fluxes in a wind tunnel model canopy using laser Doppler velocimetry. Their results support the importance of canopy influences on SFS motions but lack the ability to assess the impact of vegetation on scalar transport and to characterize the impact of the larger scales of motion and thermal stratification in the planetary boundary layer.
Hence, CHATS. In practice, most canopy measurements are typically limited to time averages from vertical arrays of sensors at a single location. Exceptions to this have become more common in recent years, with explicit spatial averaging in wind tunnel model canopies (e.g., Böhm et al. 2000) and multiple tower arrays in the field focused on horizontal transport (e.g., Feigenwinter et al. 2008) . Through the use of a wide range of remote and in situ sensing systems using novel deployment strategies, the CHATS campaign aspires to obtain a dataset capable of uncovering the links between canopy sources/sinks of momentum and scalars and the spatial structure of canopy turbulence with an emphasis on improving the fidelity of canopy-resolving LES and its ability to realistically reproduce scalar and momentum transport within and above vegetated surfaces. Through both the observations themselves and improved canopy LES, the CHATS dataset sets up a framework to test, evaluate, and refine unified one-dimensional column models of coupled land surface-atmosphere 
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This manuscript will not delve deeply into CHATS data analysis but rather will focus on outlining the instrumentation, deployment strategy, and future research plans. A first look at the regimes captured by the experiment and some key highlights will also be presented.
THe SITe. With help and equipment largely from the NCAR's In Situ Sensing Facility, CHATS took place in one of Cilker Orchards's walnut (Juglans regia) blocks in Dixon, California (Fig. 1 ). We chose this location and orchard for many reasons, but the main factors were the size, age, and management practices of the orchard combined with consistent wind direction and speed. The CHATS instrumentation focused largely on the eastern section of this portion of Cilker Orchards. In this section, the trees were all walnuts of the Chandler variety. South of the main section of interest is a mix of slightly younger walnuts of mixed Chandler and Tulare variety, which is not owned by the Cilker family and is therefore managed independently. The western section of the Cilker's block is also walnuts but consists mostly of the Howard variety and transitions to a small section of the Tulare variety in the very northwest corner. The section in the southwest quadrant contains almonds (Amygdalus communis L. var. dulcis) and is also independently managed.
T he ter ra i n i n t h is pa r t of California's Central Valley is flat, with less than a 1-m elevation difference across the entire [(1.6 km) 2 ] orchard block. The elevation at the center of the orchard is about 21 m above sea level. United States Department of Agriculture survey maps classify the majority of the soil in the block as Yolo silty clay loam with small portions of Yolo loam and Brentwood clay loam (http://websoilsurvey.nrcs.usda. gov/app/WebSoilSurvey.aspx).
Twenty-four years of data from the California Irrigation Management Information System (CIMIS; http://wwwcimis.water.ca.gov) in Davis show the 
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May 2011 | mean wind direction to be fairly consistent: 50% from the north and 50% from the south with a small westerly component. We chose to focus on winds from the south because the CIMIS data also show that winds from the south tend to be weaker in magnitude with smaller direction variability, providing the potential for sampling a greater range of stability. For maximum fetch (~150 times the canopy height), the main towers were located near the northernmost border of the section (Fig. 1 ). This fetch should be ample for most of the sensors, except perhaps for the uppermost sensors during the most stably stratified periods (e.g., Baldocchi 1997; Rannik et al. 2000) .
The campaign took place over 12 weeks in the spring of 2007 and was broken into three 4-week phases. Intensive measurements occurred during phase 1 (15 March-13 April), focusing on the walnut trees before leafout. Measurements continued but were unattended during the 4-week transition period of 14 April-13 May. After leafout, intensive measurements then resumed during phase 2 (13 May-12 June), focusing on the impact of the leaves on the flow dynamics, stability, and source/sink distribution of the scalars.
The trees in our section were planted in a nearly square pattern, such that they were about 6.9 m apart in the north-south direction and 7.3 m in the west-east direction (Fig. 2) . The trees were all about 25 years old with an average height (h) of about 10 m. The horizontal distribution of the vegetation was nearly homogeneous with the exception of an occasional tree that had been lost and replanted. The vertical plant area index (PAI) profile (square meter of plant area per square meter of ground area) was measured regularly through the campaign using a Li-Cor LAI-2000. Before leafout, the cumulative PAI was about 0.7, while following leafout the PAI increased to about 2.5. Figure 3 shows the average vertical profile of normalized plant area density (PAD; square meter of frontal plant area per cubic meter of air) both before and after leafout. OBSerVING THe CANOPY SCALeS AND SMALLer. Within the orchard, the instrumentation was located in two main arrangements: a 30-m vertical tower and a horizontal array. Both were centered (in the west-east direction) within the Cilker's walnut block, with the 30-m tower located about 100 m south from the northernmost edge of the section and the horizontal array another 100 m south from the tower (Fig. 1) .
The horizontal array. The horizontal array consisted of five 12-m-tall towers oriented across the mean wind. The towers were situated such that three middle towers (labeled B, C, and D in Fig. 4 ) were 1.72 m apart, spanning a row with the middle of these three towers (C) centered within the row. Two additional towers were placed in adjacent tree rows [one in the row to the west (A), and the other to the east (E)]. Therefore, the entire array spanned three tree rows (two row middles).
On each of the four outermost towers, rails were attached to allow carriages to move vertically on the towers. The carriages were designed and manufactured by the NCAR Earth Observing Facility's Design and Fabrication Services, which consisted of vertical members at each end connecting two horizontal tower members that were separated vertically by 1 m, where 597 May 2011 aMERICaN METEOROLOGICaL SOCIETy | this separation remained fixed during the experiment and was chosen with the intension to mimic typical canopy LES resolutions and to resolve the sharp vertical gradient in streamwise velocity at canopy top. The carriages were attached to ropes and pulleys so they could be easily raised or lowered to any location from the ground up to slightly above the canopy top. This flexibility facilitated rapid modification of the instrument arrangement with minimal impact on normal orchard operations.
The two horizontal sensor distributions were chosen, with separations of 0.5 and 1.72 m, such that when using a five-point filter (e.g., Sullivan et al. 2003; Horst et al. 2004) , the filter scale determining the separation between resolved-and subfilter-scale motions would fall at 2 and 6.9 m, respectively. The 2-m filter width was chosen because it is typical of that used in canopy-resolving LES. The 6.9-m spacing was chosen for a number of reasons, including that this was the largest separation possible given the constraints imposed by the orchard operations and the length of the horizontal tower sections, and also to ensure that one filter width fell well within the energy-containing range of the turbulence and therefore averaged much of the canopy-induced scales of motion. In the "narrow" arrangement (0.5-m separation), all the sensors were located on a single carriage and therefore the sensors spanned between two tree rows or across a single row middle. With the "wide" arrangement (1.72-m separation), four sensors from each level moved to the adjacent carriage (to the east, spanning towers D and E) and the middle sensors shifted to the central tower (C). Figure 4 depicts the array setup in a variety of configurations.
The bottom row of the horizontal array included nine Campbell Scientific CSAT3 sonic anemometers measuring the three wind components plus sonic temperature at 20 s −1 . Collocated within the bottom row's central five CSAT3s, five Li-Cor 7500 sensors measured CO 2 and H 2 O f luctuations at 20 s −1 . The top row also included nine CSAT3 sonic anemometers, which were complemented by five Campbell Scientific KH2O Krypton hygrometers collocated within the central five sonic anemometers sampling water vapor density fluctuations at 20 s −1 . Also mounted within the upper five central CSAT3s were five Dantec Dynamics constant temperature single-wire hot-film anemometers (Model 55R01) oriented vertically and sampling wind velocity at 2000 s −1 . Two NCAR-Vaisala hygrothermometers [temperature/relative humidity (TRH)], one at each height of the array, measured mean aspirated temperature and relative humidity at 2 s −1 . These instruments were all oriented toward the south on 1.5-m-long booms. All instruments were calibrated at NCAR's Calibration Laboratory before and after the experiment.
During the experiment, the horizontal array configuration was modified every five to seven days. These transitions included carriage heights and horizontal sensor separations. To properly characterize the impact of leaves on the turbulent momentum and scalar fluxes, we repeated each arrangement during both phases of the experiment (i.e., no leaves and with leaves).
During each phase, measurements were taken with the instrumentation in six different configurations (the narrow and wide horizontal separations at each of three heights: low, 2.5 m; middle, 6 m; and high, 10.1 m). The high location was chosen because it is the region of highest vertical shear of the streamwise velocity and hence where the majority of the momentum is extracted by the canopy. The middle height was located as close as possible to the within-canopy streamwise velocity minimum where wake-scale motions are expected to be particularly important in momentum transport and where the canopy-imposed scalar source/sink maximum occurs. The low height was chosen deep within the canopy at a height where the momentum transfer was expected to be largely a result of canopy-scale coherent structures and to be countergradient (i.e., centered at about 2.5 m where the mean velocity gradient is positive upward but turbulent momentum transfer is downward).
More than 1100 half-hour periods with good wind directions (±30° of directly into the array) with mean wind speeds above 0.01 m s −1 were collected during the campaign. Table 1 breaks these periods down into their various deployment heights, filter widths, leaf states, and atmospheric stability. At least 13 half-hour periods were obtained for any arrangement, while a single arrangement sampled up to 316 acceptable periods. Each deployment also sampled a wide range of atmospheric stability.
One key aspect of the CHATS campaign is the ability to investigate relationships between SFS fluxes of passive and active scalars that are largely absorbed/ emitted by either the ground or by the canopy. Sample time-space plots of SFS scalar fluxes [one from a period when the canopy is leafless and largely dormant ( Fig. 5 ) and the other from a period when the canopy is in full leaf and is actively transpiring The 30-m tower. vElocity, tEmPEr aturE, and moisturE. Thirteen main measurement levels tightly focused at the canopy top and growing in vertical separation with distance away from this focal point permitted the 30-m tower to sample the canopy-induced mechanical and thermodynamical vertical variation of turbulence transport characteristics and the linkages between canopy-scale motions and the largerscale PBL turbulence. Six of these 13 levels were placed below the canopy top to capture t h e w i t h i n -c a n o p y impacts and six were placed above the canopy with the uppermost height nearly reaching the roughness sublayer height (29 m or about 2.9h, where canopy effects should be minimal; Fig. 7) . Each of the 13 primary measurement levels contained 1) a Campbell Scientific CSAT3 sonic anemometer measuring all three wind components and virtual temperature 
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May 2011 | at 60 s −1 and 2) an NCAR-Vaisala hygrothermometer (TRH) measuring mean aspirated temperature and relative humidity at 2 s −1 . At six levels (deployed at every other level), Campbell Scientific KH2O Krypton hygrometers sampled water vapor density fluctuations at 20 s −1 . To maximize the acceptable wind directions and to minimize tower effects, the CSAT3s and Krypton hygrometers were deployed on 1.5-m booms directed to the west. The TRHs were deployed on similar booms pointing to the east to minimize their influence on the turbulence measurements. Example profiles (Fig. 8) illustrate the ability of the sensor deployment strategy on the 30-m tower to capture the aforementioned vertical stratification induced by interactions between the atmosphere, the land surface, and the vegetation canopy. As with the instruments in the array, all instruments on the tower were intercalibrated at the NCAR calibration facility prior to and again following the experiment.
Mounted on the sonic anemometers and pointed southward ( Fig. 9) , Dantec Dynamics constant temperature triple-wire hot-film anemometers (model 55R91) at three levels (midcanopy, 6 m; canopy top, 10 m; and above canopy, 14 m) sampled high-frequency finescale velocity fluctuations at 2000 s −1 .
PrEssurE fluctuations. Measurements of turbulent pressure fluctuations (pʹ) were made during CHATS. Quad-disk ports (Nishiyama and Bedard 1991) 
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May 2011 aMERICaN METEOROLOGICaL SOCIETy | were used to minimize dynamic pressure errors ( Fig. 9) , where ports made by the National Oceanic and Atmospheric Administration's (NOAA) Environmental Technology Laboratory were chosen based on wind tunnel testing of three versions of this design.
Two types of pressure sensors were used: one similar to NOAA's sensor described by Wilczak and Bedard (2004) that uses an analog transducer (Furness Controls FCO44) and a reference volume with a calibrated leak, and a second newly designed NCAR sensor that uses a digital transducer (Paroscientific 202BG) and a fixed reference volume with a large thermal time constant to minimize the time rate of change of the reference pressure. A third, slower response sensor (Vaisala PTB220B) was also deployed to verify the pʹ sensor operation at low frequencies.
Before being placed in their final locations, the systems were connected to a single inlet probe installed at 11 m on the 30-m tower (where the turbulence intensities diminished substantially from that found within the canopy) and were determined to be operating properly by investigating the horizontal heat flux budget, as suggested by Wilczak and Bedard (2004) . During phase 2, the NCAR pressure sensor and an additional quad-disk probe were shifted into the horizontal array. Future analysis includes 1) comparing these measurements to canopy flow models describing the variation of pressure transport of turbulent kinetic energy (TKE) at the different heights within and near the canopy and 2) investigating the pressure destruction term in the filtered scalar flux equation that is modeled in LES. radiation, soils, PrEciPitation, and irriGation. For the entire campaign, two Kipp and Zonen CM21 pyranometers and two Kipp and Zonen CG4 pyrgeometers were deployed at 16 m to measure the broad spectrum downwelling and upwelling abovecanopy radiation. A similar Eppley four-component system [with Precision Spectral Pyranometer (PSP) and Precision Infrared Radiometer (PIR) sensors] deployed two tree rows to the west at a height of 2 m captured the subcanopy radiational forcing. A (e.g., Fig. 13 ).
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May 2011 | Micromet Systems Q7 net radiometer also installed at this location complemented the Eppley subcanopy four-component radiation measurements. During phase 2 of the experiment, a single Li-Cor LI-190 above the canopy and three Li-Cor LI-191 line sensors measured photosynthetically active radiation (PAR) at four heights (2, 5, 8, and 12 m). All radiation measurements were sampled at 1 s −1 .
Located 2 m from the subcanopy radiation measurements, observations of soil moisture, soil temperature, soil heat flux, and soil thermal conductivity, diffusivity, and heat capacity were made at 0.05-m depth and at 1 Hz using a Decagon ECH 2 O soil moisture sensor, a Radiation and Energy Balance Systems (REBS) soil temperature sensor, a REBS HFT-3 soil heat flux sensor, and a Hukseflux TP01 thermal properties sensor, respectively. A collocated tipping-bucket rain gauge deployed at 1-m height (above the orchard sprinklers) captured precipitation. During phase 2, three complete irrigation cycles occurred in a rotating fashion through the orchard block. The sprinkler system irrigated for 24 consecutive hours per circuit, completing a complete irrigation cycle in six days. rEactivE chEmistry. Most previous studies assume negligible chemical effects (either losses or production) on the measured eddy fluxes of ozone above canopies (e.g., Mikkelsen et al. 2000) . However, recent studies imply that up to 50% of the ozone deposition observed may be explained by fast chemistry between ozone and reactive odd nitrogen and volatile organic species occurring near or within the canopy (e.g., Kurpius and Goldstein 2003) .
During phase 2, mean vertical profiles of O 3 (2B Technologies 205), NO, and NO x (Eco Physics CLD88 Y) measured at 1. 5, 4.5, 9, 11, 14 , and 23 m (e.g., Fig. 10 ) along with two levels of disjunct eddy covariance 2 ozone f lux measurements above the canopy (14 and 23 m) can be used to determine the impact of fast chemistry on ozone flux. Since no chemical effects upon H 2 O are expected, observed H 2 O fluxes serve as a control measurement for deducing vertical divergences in the flux due to factors other than chemistry (assuming each has similar source distributions).
Gradient measurements of volatile organic compounds were performed using an Ionicon proton- Fig. 9 . Photograph of the quad-disk pressure port when the second pressure port was vertically centered within the array. Note the single-wire hot-film anemometer mounted within the upper CSAT3 sonic anemometer and the krypton hygrometer located behind.
transfer-reaction mass spectrometer (PTR-MS). 3 On three days, selected VOCs were measured with fast response at three levels (4.5, 9, and 11 m) . The PTR-MS has a time response suitable for eddy covariance measurements (e.g., 10 Hz; Karl et al. 2000) and is used extensively for eddy covariance measurements (Rinne et al. 2001; Karl et al. 2002; Ammann et al. 2004; Spirig et al. 2005; Lee et al. 2005) . The impact of withincanopy chemical processing on canopy VOC emission strength estimates will be assessed for a variety of VOCs and compared with future LES calculations.
Surprisingly, and for the first time, high levels (up to 120 pptv) of methyl salicylate [MeSA; C 6 H 4 (HO)
May 2011 aMERICaN METEOROLOGICaL SOCIETy | COOCH 3 ] were detected in ambient air. PTR-MS mass scans were confirmed by gas chromatograph mass spectrometer (GC-MS) analysis. Profile measurements show a distinct source of methyl salicylate from the canopy. Methyl salicylate activates specific defense genes through the salicylic acid pathway and is thought to act as a volatile signaling molecule when plants are under stress or herbivorous attack. Methyl salicylate emission by the Chandler walnuts during CHATS was found to correlate with water and temperature stress (Karl et al. 2008) .
aErosols: turbulEnt fluxEs and ParticlE sizE distribution. Particle number concentrations were measured with a condensation particle counter (CPC 3772, TSI Inc.) installed on the 30-m tower with the inlet mounted adjacent to the 14-m sonic anemometer. Aerosol data were sampled at 10 Hz with an instrument time constant of 0.42 s. Turbulent aerosol number f luxes can be calculated by direct eddy covariance and also by simulated relaxed eddy accumulation (REA; Businger and Oncley 1990) . Recent analysis of these aerosol data suggests that the use of temperature or water vapor concentration as a proxy scalar to derive the b factor 4 for REA is no better than assuming a constant value for b (Held et al. 2008) .
For additional physical characterization (e.g. identification of particle formation events, general aerosol burden), particle size distributions were measured for diameters ranging from 10 nm to 2 μm using a scanning mobility particle sizer (SMPS; TSI Inc.), a condensation particle counter (CPC 3760, TSI Inc.), and an optical particle counter (LASAIR, Particle Measuring Systems), sampling below the canopy at 2 m. During the day, aerosol concentrations reached 12,000 particles cm −3 , decreasing to 3,000 particles cm −3 at nighttime.
Leaf-level characterization. Enclosure systems are used to identify the ecosystem components controlling gas and aerosol exchange and to develop quantitative parameterizations that can be used in bulk canopy-scale flux models. VOC, CO 2 , and H 2 O fluxes from various walnut tree tissues (walnuts, leaves, and stems were observed during CHATS using the enclosure technique). The system included Fig. 10. Sample profiles of 1-h averaged NO and NO x concentrations (ppbv). (left) Profiles of 1-h averages  centered on 1200 and 2000 LT and over the period from 13 a Li-Cor 6400 leaf cuvette, a 500-ml glass enclosure, and a 5-L Tef lon bag enclosure. Fluxes of CO 2 and H 2 O were quantified using an infrared gas analyzer. VOCs were analyzed using three complementary approaches: 1) the PTR-MS quantified a large range of biogenic VOCs, 2) an in-situ GC-MS quantified and identified most of the important biogenic VOCs, and 3) samples were collected on solid adsorbent tubes and transported to a highly sensitive laboratory Gas Chromatograph with Massachusetts Spectrometer and Flame Ionization Detector (Agilent 5975C) system to quantify trace constituents.
A Li-Cor 6400 system investigated the response of VOC, CO 2 , and H 2 O fluxes to variations in leaf temperature and incident radiation. Individual leaves tested using this system included shaded and sunlit leaves as well as young and mature leaves. Using the glass enclosure, emissions from undisturbed and wounded walnuts were examined. The Teflon bag enclosure investigated emissions from stems and leaves, including both undisturbed and wounded tissues. Relatively low terpenoid and green leaf volatiles (GLV) (e.g., hexenol, hexenal) emissions were observed from undisturbed leaves, stems, and walnuts (Fig. 11 ). Substantial emissions of green leaf volatiles and dimethyl-nonatriene (DMNT) were observed from wounded leaves. A large number of monoterpenes (MT) and sesquiterpenes were emitted from both leaves and walnuts when they were wounded. These leaf-level observations will be used to test canopyresolving land surface models (e.g., Patton et al. 2008) and to assess impact of within-canopy chemistry on source/sink estimates based upon ecosystem-level observations and inverse Lagrangian models (e.g., Karl et al. 2008) .
Thermal imagery. To measure heat storage in the biomass and to determine the boundary conditions for heat exchange between vegetation and soil surfaces and atmosphere, a FLIR ThermaCAM SC3000 IR camera was deployed at the CHATS field site. The camera was mounted atop the horizontal array structure at a height of 12 m, looking south-southeast from 12 May to 7 June. The camera was mounted on a tripod located 5 m south of the center of the horizontal array at a height of 1.67 m from 8 to 10 June. A second thermal camera (FLIR ThermaCAM PM380) was deployed throughout the orchard in a semirandom fashion and hand-held images were collected.
The SC3000 IR camera measures radiance at 8-μm wavelength and was equipped with a wide-angle lens with a field of view of 45° × 60° and 240 × 320 pixels. The radiational accuracy of the camera is 1%. Images were acquired every 2 min. Figure 12 shows a typical IR image. After applying an image processing algorithm to determine the pixels associated with trunk and leaves, the diurnal cycle of trunk and leaf surface temperatures can be obtained (see Fig. 12 for an example time series). Improper accounting for biomass heat storage can produce significant error in short time-scale energy budget closure since trunk temperature can lag air temperature by several hours (e.g., Haverd et al. 2007 ); this dataset should permit development and evaluation of these models and improve their ability to predict energy partitioning (e.g., Garai et al. 2010 ). 
605
May 2011 aMERICaN METEOROLOGICaL SOCIETy | Turbulent dif fusion measurement s ; Trace Gas Automated Profiling System (T-GAPS). To improve our understanding and predictive capability of diffusion in canopy turbulence, a dispersion experiment took place during CHATS. The experiment consisted of an SF 6 line source located 40 m south of the 30-m tower and a meter above the ground, oriented in the east-west direction. Nine strategically placed syringe samplers mapped out the along-wind surface concentrations. To capture the vertical dispersion, the Washington State University Trace Gas Automated Profiling System [T-GAPS, which was previously called the Tracer Vertical (TRAVERT) system; see Flaherty et al. 2007 ] continuously sampled from lines on the 30-m tower. The T-GAPS system automatically collects and analyzes 5-min averaged whole air samples obtained simultaneously through seven long sample lines.
One of the key aims of the dispersion experiments and analysis is to determine the canopy-induced stability effects on turbulent dispersion, especially at night, when the lower canopy layers are unstable but the upper and above-canopy layers are stable ( Fig. 8 ; 2300 LT). Much of the analysis will be done in conjunction with a Lagrangian particle dispersion model ). This turbulent dispersion analysis will also help determine the biological significance of plant-to-plant communication in the atmosphere (see, e.g., the "Reactive chemistry" section; Shulaev et al. 1997) .
O B S e rV I N G T H e C A N O PY S C A L e ,
OrCHArD SCALe, AND LArGer. Highresolution aerosol backscatter lidar. The NCAR Raman-shifted Eye-Safe Aerosol Lidar (REAL) collected data from 15 March to 11 June from a site 1.6 km directly north of the 30-m tower. The instrument is described in detail in a series of papers (Mayor and Spuler 2004; Spuler and Mayor 2005; Mayor et al. 2007) . REAL is an elastic backscatter lidar that operates at a wavelength of 1.5 µm in order to safely transmit high-energy laser pulses. For the CHATS deployment, REAL was upgraded for enhanced sensitivity to smaller-scale atmospheric features. The instrument's receiver-specifically the transimpedance amplifier module-was redesigned to have a higherfrequency bandwidth. Laboratory measurements showed the upgraded detector/amplifier module had significantly better performance at higher frequencies (e.g., >3 dB improvement at 30 MHz.) This modification increased the spatial resolution so that during CHATS, REAL could sample and observe canopy-scale motions.
During CHATS, REAL operated at a pulse rate of 10 Hz and recorded backscatter data in 1.5-m range intervals. From its location, REAL was able to scan just meters above the canopy. More than 2,800 hours of data were collected during its deployment in CHATS. Both vertical and horizontal scans were collected. During periods of southerly winds, the scan strategy collected higher-angular-resolution data surrounding the towers (175°-185°); at other times, wider-angle scans were collected (151°-211°). REAL routinely observed good signal-to-noise aerosol backscatter data to ranges beyond 5 km.
The deployment of REAL at CHATS aimed to achieve multiple goals: 1) advancement of the instrument's ability to create time-lapse visualizations 
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May 2011 | of turbulent coherent structures, 2) collection of a dataset allowing one to relate changes in the lidar aerosol backscatter to several in situ measurements and to explore the use of the backscatter data for the remote measurement of scalar two-point turbulence statistics, 3) exploration of linkages between PBLscale and canopy-scale turbulence, and 4) characterization of the local meso-gamma-scale structure of the atmosphere in which the CHATS in situ measurements were made. This includes monitoring boundary layer depth (z i ) and deriving the vector flow field via the correlation technique as done previously by Mayor and Eloranta (2001) .
The REAL dataset from CHATS contains a number of interesting phenomena. Figure 13 presents examples of some of the key features observed, including (top left) a sea-breeze frontal passage, (top right) canopy-top gravity waves, and (bottom) horizontal and vertical high-resolution sampling of turbulent scales of motion above and within the orchard canopy. Initial analysis of the REAL datasets from CHATS is aimed at 1) characterizing entrainment 
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May 2011 aMERICaN METEOROLOGICaL SOCIETy | processes and translation speeds of sea-breeze fronts (e.g., Mayor 2011), 2) investigating spatial correlation length scales associated with canopy flows, 3) establishing criteria for the onset/propagation/decay of canopy-induced gravity waves, and 4) testing of vortex identification methods previously limited to turbulence-resolving numerical models (e.g., Finnigan et al. 2009 ). The REAL data from CHATS are available at www.phys.csuchico.edu/lidar. Coherent Doppler lidar. Arizona State University (ASU) deployed its Coherent Technologies WindTracer Doppler lidar during phase 2. The primary motivations of the ASU lidar deployment were to 1) illuminate the connection between the boundary layer scales of motion and canopy turbulence, 2) gather Doppler lidar data appropriate for analysis of data assimilation methods, 3) characterize small-scale winds and turbulence above the canopy, and 4) measure properties of boundary layer development, such as the evolution of the PBL height and aerosol levels.
The ASU lidar was located 2.05 km to the east with a clear line of sight of Cilker Orchards (Fig. 1) . With an azimuthal angle of 279° and an elevation angle of 0.75°, the ASU lidar pointed at the top of the 30-m tower.
Generally, data quality was high and the planned scans for supporting the experiment were executed successfully. Acceptable quality was typically obtained for the lidar signal to a range of approximately 4 km, though this varied significantly depending on daily aerosol and humidity levels. Scanning strategies included mixed plan position indicators (PPIs)/ range height indicators (RHIs), low-level PPIs for gust tracking, and fast volumetric scans in anticipation of data assimilation analysis using 4D variational methods. Some of the latter scans were timed to correspond with the helicopter deployment (see next subsection) that took place toward the beginning of phase 2.
Helicopter observation platform. The Duke University
Helicopter Observation Platform (HOP; Avissar et al. 2009 ) also participated in CHATS. HOP consists of a Bell 206 Jet Ranger helicopter, equipped with a threedimensional, high-frequency positioning and attitude recording system, a data acquisition and real-time visualization system, and fast response sensors to measure turbulent velocity and temperature (Kaijo USV, Aventech AIMMS-20), along with moisture and CO 2 fluctuations (Li-Cor 7500). Thus, HOP can collect the variables needed to compute scalar fluxes (using the eddy-correlation technique) at low altitudes and low air speeds that are not feasible with airplanes, yet are essential for studying the exchanges between the Earth's surface and the atmosphere (Avissar et al. 2009 ).
HOP flew during four different daytime periods. To characterize the large-scale PBL structure, the flight strategy for HOP involved profiling from just above the canopy to above the PBL depth in approximately 50-m increments. At each elevation, samples were taken for about a 3-km distance. Interspersed with these PBL profiles, HOP flew five west-east horizontal tracks sampling at five different north-south locations (one upwind, three over the orchard, and one downwind) across the orchard at an elevation of approximately 15 m (about 5 m above the tree tops). These five tracks provide a mapping of the spatial structure and the evolution across the orchard. Each complete set of samples (PBL profile plus canopy-top mapping) took a little more than an hour. Without refueling, HOP could complete three sets of horizontal passes over the orchard and two PBL profiles. In total, HOP sampled approximately 25 flight hours during CHATS. This data should provide unique insight into the PBL-canopy-scale coupling.
Minisodar/RASS. For the duration of the experiment, a minisodar was deployed 2 km east of the 30-m tower to monitor the lower boundary layer (Fig. 1) . The sodar is a Metek DSDPA.90-24 phased array system with a radio acoustic sounding system (RASS) (Engelbart et al. 1999) . Wind is measured using a Doppler scanning technique and virtual temperature using RASS with a collocated 915-MHz radar to trace the acoustic pulses (since the speed of sound is proportional to virtual temperature). The sodar produces reflectivity, wind, and virtual temperature profiles every 10 min from 40 m up to around 200 m in 20-m intervals. The system was able to trace the development of the nocturnal inversion and/or the early-morning convective boundary layer on most days.
Scintillometers. During phase 2, three Scintec BLS900 double-beam large-aperture scintillometer transects were deployed at several locations. The instruments were sampled at 5 Hz and 1-min averages of the refractive index structure parameter () were recorded. One permanent transect of 647 m long was located 800 m north of the CHATS orchard over a sunflower field at an effective height z = 3.1 m. Two additional transects were mobile and deployed at several locations, such as over the different fields nearby and across the walnut orchard below the leaves (z = 0.85 m AGL). These observations are intended to permit investigating relationships such as between 608 May 2011 | time averages at single points and spatial averages across the transects.
CONCLuDING reMArKS. The CHATS program brought together an interdisciplinary group of scientists to investigate ecosystem-atmosphere exchange in an idealized setting: a horizontally homogeneous single-aged walnut orchard. The observations focused on measurements characterizing stratification influences on the spatial structure of canopy-induced turbulence, the trace gas source/ sink distribution associated with vegetation, and the overall impact of canopy-induced processes on trace gas transport. The campaign design specifically aimed to connect observations directly with model development, testing, and understanding.
An important emphasis within the CHATS program includes the future community-wide availability of the data. The data will be made available via NCAR's Earth Observing Laboratory Web site (currently www.eol.ucar.edu/chats). The CHATS dataset should provide community insight into canopy-atmosphere coupling for years to come. We hope that CHATS serves as a model for future instrument deployments, integrating fast eddy covariance measurements with canopy profiling in order to better understand within-canopy processes and their impact on measured fluxes.
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